Summary. The distribution and ultrastructure of the class II major histocompatibility complex (MHC) antigen-expressing cells in the pulp tissue of human deciduous teeth during the process of physiological root resorption was surveyed by histochemical and immunocytochemical methods using an anti-human leukocyte antigen (HLA)-DR-monoclonal antibody. Dental pulp was found to contain numerous HLA-DR-positive cells of various shapes; those showing a dendritic appearance were located mainly in the periphery of the pulp tissue, associated closely with the odontoblasts. The immunopositive cells sometimes extended their cytoplasmic processes into the dentinal tubules and increased in number in the areas affected by dental caries, attrition or restorative procedures, implicating their role in immunosurveillance.
The immunopositive cells were located consistently at the pulp-dentin border during the stage of active resorption, adjacent to the preodontoclasts or odontoclasts, and covered the exposed dentin surface after the detachment of the odontoclasts until the onset of cementum formation. These data suggest that the HLA-DR-immunopositive cells in the coronal pulp of human deciduous teeth play an inductive role in the differentiation, migration and/or activation of the odontoclasts and cementoblast-like cells during the stages of tooth resorption.
Physiological root resorption occurs in human deciduous tooth as local pressure increases due to the growth and migration of the erupting successional tooth (TEN LATE, 1994) . The resorption of hard tissues of the deciduous tooth is achieved by odontoclasts (FURSETH, 1968; FREILICH, 1971 ; TEN CATS and ANDERSON, 1986) . They are considered to be of the same cell types as osteoclasts in their ultrastructural and histochemical features, and to be capable of resorting all dental hard tissues (SASAKI et al., 1988 (SASAKI et al., . 1989 TANAKA et al., 1990; MATSUDA, 1992; SASAKI and UENO-MATSUDA, 1992; SAHARA et al., 1992 SAHARA et al., , 1994 SAHARA et al., , 1996 DOMON et al., 1994; YAWAKA et al., 1995) . The resorption first begins on the root surface and subsequently proceeds inward to the root canal and coronal dentin wall, the process being regarded as the internal resorption (FURSETH, 1968; SOSKOLNE and BIMSTEIN, 1977; ROLLING, 1981; ISHIKURA, 1991; SA-HARA et al.,1992; YAWAKA et al., 1995) . The resorbed coronal dentin surface may be repaired by a cementumlike tissue as the shedding of the tooth becomes imminent (ROLLING, 1981; SAHARA et al., 1992 SAHARA et al., , 1993 YAWAKA et al., 1995) . However, very little information is available regarding the cellular events taking place during the process of internal resorption of the deciduous tooth: the processes by which the odontoblasts disappear from the pulp-dentin border, the odontoclasts differentiate and migrate toward the pulp-dentin border, and the hard tissue forming cells, which deposit the cementum-like tissue, differentiate and migrate into the resorbed lacunae of dentin.
Recent immunohistochemical studies have revealed the presence of class II major histocompatibility complex (MHC) antigen-expressing cells in the dental pulp (JONTELL et al., 1987 (JONTELL et al., , 1988 OKIJI et al., 1992; OHSHIMA et al., 1994 OHSHIMA et al., , 1995 OHSHIMA et al., , 1996 OHSHIMA et al., , 1997 YOSHIBA et al., 1996) . The class II MHC antigenexpressing cells are thought to serve as the antigenpresenting cells that play an essential role in the initiation of immune responses (STEINMAN, 1991) . This immunological event has been reported to occur in the dental pulp as shown in other tissues (JONTELL and BERGENHOLTZ, 1992) . The involvement of the class II MHC antigen-expressing cells in the dental pulp in the initial defense reaction against external stimuli arriving via the exposed dentinal tubules after experimental tooth grinding has been confirmed (OHSHIMA et al., 1995 (OHSHIMA et al., , 1996 . Furthermore, current reports suggest that the class II MHC antigenexpressing cells play a role in odontoblast differentiation in the dental pulp under experimental conditions (OHSHIMA et al., 1995) by producing a transforming growth factor (TGF)-/31 and various cytokines MACATONIA et al., 1995) .
This study aims to elucidate the role of class II MHC antigen-expressing cells in the processes of physiological resorption and exfoliation of the human deciduous tooth.
MATERIALS AND METHODS
Thirty-one human deciduous teeth were used in this study (7 incisors, 5 canines and 19 molars). They were extracted for clinical reasons under local anesthesia. Informed consents were obtained from all patients before this investigation. The extracted teeth were fixed with 4 % paraf ormaldehyde in 0.1 M phosphate buffer (pH 7.4) for one day, and decalcified in 5 ethylenediaminetetraacetic acid (EDTA) for 3 months at 4.
The specimens were equilibrated in a 30 sucrose solution, and cut sagittally at a thickness of about 20-50u m with a freezing microtome (FX-801, Yamato Kohki Co. Ltd., Tokyo, Japan).
Free floating sections were processed for immunohistochemistry by the avidin-biotin-complex (ABC) method according to HSU et al. (1981) . The sections were primarily incubated for 3 days at 4C with an anti-human leukocyte antigen (HLA)-DR-monoclonal antibody (DAKO, Glostrup, Denmark) diluted to 1: 150. A solution of 0.01 M phosphate-buffered saline (PBS, pH 7.4) was used to dilute the antibody and to rinse the sections. The sections were then consecutively incubated with biotinylated anti-mouse IgG and ABC complex (Vector Lab. Inc., Burlingame, USA) for 90 min each at room temperature. The sites of the antigen-antibody reaction were visualized by placing the sections in 0.05M Tris buffer (pH 7.6) containing 0.04% 3-3'-diaminobenzidine tetrachloride and 0.002% H2O2. Some immunostained sections were thaw-mounted onto gelatin-coated glass slides, and counter-stained with 0.03% methylene blue. For electron microscopy, the immunostained sections without counter-staining were post-fixed in 1 0504 reduced with 1.5% potassium ferrocyanide, dehydrated through a graded series of ethanol, and embedded in Epon 812. Semithin sections were cut at a thickness of 1 ,um and stained with 0.03% methylene blue. Ultrathin sections were prepared with a Reichert Ultracut-N ultramicrotome (ReichertNissei, Tokyo, Japan) with a diamond knife, doublystained with uranyl acetate and lead citrate. They were examined in a Hitachi H-7000 transmission electron microscope (Hitachi Co., Ltd., Tokyo, Japan).
Immunocytochemical controls were performed by 1) replacing the primary antibody with non-immune serum or PBS; and 2) omitting the anti-mouse IgG or the ABC complex. These immunocontrol sections did not show any specific immunoreactions.
For histochemical demonstration of tartrate-resistant acid phosphatase (TRACPase) activity, the azo-dye method (BURSTONE, 1961) was utilized with slight modifications. Frozen sections of 20-50 ,um thickness were collected and incubated for 10 min at 37°C in a medium comprising 0.01% naphthol AS-MX phosphate (Na salt) (Sigma Chemical Co., St. Louis, MO, USA), 0.06% fast red violet LB salt (Sigma Chemical Co., St. Louis, MO, USA) and 50 mM L-(+)-tartaric acid in 0.2M acetate buffer (pH 5.3).
RESULTS
Based on TRACPase staining patterns in the coronal pulp chamber, the resorption process of human deciduous teeth was evaluated and divided into the following five stages ( Fig. 1 ): 1) A stage of root resorption without TRACPase-reactive cells in the pulp chamber (stage 1) (Fig. la) . 2) An early stage of coronal resorption (stage 2) when TRACPase-reactive cells can be seen in the pulp-dentin border near the resorption sites (Fig. lb). 3) An active stage of coronal resorption (stage 3) when numerous TRACPasereactive cells are present throughout the entire length of the pulp-dentin border (Fig. lc) . 4) A postresorption stage (stage 4) when most TRACPase-reactive cells have disappeared and those remaining at the pulp-dentin border tend to detach from the resorption lacunae (Fig. id) . 5) A repair stage (stage 5) when cementum-like tissue is deposited on part of the resorbed dentin surface of the pulp chamber (Fig. le) .
Immunostaining with an anti-HLA-DR-monoclonal antibody demonstrated numerous immunopositive cells showing dendritic, round or ovoid profiles throughout the remaining pulp tissue of human deciduous teeth. In this study, we focused our observations mainly on the HLA-DR-immunopositive cells located in the periphery of the pulp tissue, because the central portion of the pulp tissue was infiltrated with numer- At this stage, numerous HLA-DR-immunopositive cells were distributed throughout the whole pulp tissue (Fig. 2a) . In the central portion of the dental pulp, the cells immunoreactive for HLA-DR appeared round, spindle or dendritic in profile, whereas those located in the periphery of the pulp tissue showed exclusively dendritic profiles (Fig. 2b) . Some of the immunopositive cells in the odontoblast layer extended cytoplasmic processes into the dentinal tubules (Fig. 2c) . In some cases, a single immunopositive cell extended several cytoplasmic processes into different dentinal tubules (Fig. 2d) . In the portions of the pulpdentin border related spatially with dental caries, attrition or restorative changes, the HLA-DRpositive cells in the respective odontoblast layer increased in number accompanied by an aggregation of neutrophils showing endogenous peroxidase reactions (Fig. 2e) . Transmission electron microscopy revealed that the immunopositive cells in the odontoblast layer possessed various sizes of clear vesicles and extended their cytoplasmic processes into the dentinal tubules along with the odontoblast processes (Fig. 3a) . The odontoblasts were arranged in a pseudostratified layer showing sparse cell organelles mostly in the infranuclear region (Fig. 3a) . The HLA-DR-positive cells in the subodontoblastic layer generally had long cytoplasmic processes and various sizes of cytoplasmic vesicles containing electron lucent or opaque material (Fig. 3b) . The immunopositive cells in the central portion of the pulp showed cytoplasmic features similar to those in the subodontoblastic layer, though they exhibited more round profiles with fewer cytoplasmic processes (Fig.  3c ).
Early stage of coronal resorption (stage 2)
At this stage, numerous inflammatory cells had infiltrated throughout the coronal dental pulp. The HLA-DR-reactive cells also seemed to have increased in number in the pulp tissue. Although the TRACPase-reactive multinucleated odontoclasts appeared along the pulp-dentin border in the vicinity of the resorption front of the root, the remaining part of that border was lined with a layer of odontoblasts showing a flattened contour (Fig. 4a) . The immunopositive cells were also observed in the pulpdentin border in both the TRACPase-positive and negative areas (Fig. 4b) . At the pulp-dentin border where dentin resorption had not started, three types of these cells could be distinguished by electron microscopy: odontoblasts with the cytoplasmic processes extending into the dentinal tubules, HLA-DRimmunoreactive cells which also extended cytoplasmic processes into the dentinal tubules, and preodontoclasts showing numerous mitochondria in the cytoplasm (Fig. 4c) . A cell-to-cell connection between the odontoblasts was still maintained.
Active stage of coronal resorption (stage 3)
At this stage, multinucleated odontoclasts reactive for TRACPase appeared along the entire pulp-dentin border (Fig. 5a ). Cell-to-cell connections between the odontoblasts were seemingly disrupted, but the HLA-DR-positive cells remained at the pulp-dentin border (Figs. 5a, b, 6b) , associated closely with the atrophic odontoblasts and extending their cytoplasmic processes in the dentinal tubules. The other type of mononuclear cell with relatively rich organelles was also shown to be located at the pulp-dentin border (Fig. 6a,  b) . The odontoclasts or preodontoclasts without a distinct ruffled border were often located at the pulp-dentin border facing the predentin matrix and extended their cytoplasmic processes into the dentinal tubules (Fig. 6c ). Typical multinucleated odontoclasts had distinct clear zones and ruffled borders and formed resorption lacunae (Fig. 6d, e) . The area of the dentin under active resorption did not contain HLA-DR-positive cells.
Postresorption stage (stage 4)
Here, odontoclasts had finished their resorting activity and tended to detach from the dentin surface. The odontoclasts at this stage contained numerous large vesicles with pale contents in the pulpal portion of the cytoplasm (Fig. 7a, e) . The denuded surface of the resorption lacunae was again lined with mononuclear cells (Fig. 7b) . Most of these cells showed HLA-DRimmunoreactivity and extended their cell processes into the dentinal tubules (Fig. 7a) . The mononuclear immunopositive cells showed cytoplasmic features similar to those of the immunopositive cells observed at the earlier stages (Fig. 7c) . Bundles of collagen fibers arranged in a direction perpendicular to the resorbed dentin surface were occasionally observed (Fig. 7d) .
Repair stage (stage 5)
In the extensively resorbed specimens in which TRACPase-positive cells had already diminished in Immunopositive cells (arrowheads) located at the pulp-dentin border extend their processes into the dentinal tubules. c. Electron micrograph showing the three typical cell types at the pulp-dentin border. OB a flattened odontoblast lying with its long axis parallel to the pulp-dentin border, making contact with the neighboring odontoblast (arrowheads). Arrows indicate an odontoblast process remaining in the dentinal tubules. POC a preodontoclast having numerous mitochondria, asterisk an HLA-DR-immunopositive cell extending a cell process into the dentinal tubule, D dentin, P dental pulp, PD predentin. a: x700, b: x300, c: x3,200 a b c the pulp chamber, a large amount of cementum-like tissue was occasionally deposited on the resorbed dentin surface. No HLA-DR-immunopositive cells were located along the surface of the cementum-like tissue (Fig. 8a, b) .
The spatio-temporal relationship between the HLA-DR-immunopositive cells and the other cells of the pulp tissue in the process of physiological root resorption is summarized in Figure 9 .
DISCUSSION

This immunocytochemical
study employed an HLA-DR-monoclonal antibody to demonstrate the overall distribution and cytoplasmic features of the class II MHC antigen-expressing cells in the pulp tissue of human deciduous tooth during physiological root and coronal resorption.
The abundance of class II MHC antigen-expressing cells in the normal dental pulp (JONTELL et al., 1987 (JONTELL et al., , 1988 OKIJI et al., 1992; OHSHIMA et al., 1994 OHSHIMA et al., , 1996 OHSHIMA et al., , 1997 YOSHIBA et al., 1996) implies important roles played by these cells in maintaining physiological conditions of the pulp tissue. Of particular interest is the location of these cells. In the rat teeth, a large population of the class II MHC antigen-expressing cells are located in the odontoblast layer and are associated exclusively with fenestrated capillaries located close to the predentin border during active cell (arrow) associated with the odontoblast (asterisk) with poor cytoplasmic organelles and no intercellular junctions extends a cytoplasmic process into the dentinal tubule. A mononuclear cell with a prominent nucleolus and relatively rich cell organelles (arrowhead) is also in close association with the immunopositive cell. b. An HLA-DRimmunopositive cell extending a cytoplasmic process into the dentinal tubule (arrow) and a multinucleate odontoclast (arrowhead). Semithin section stained with methylene blue. c. An odontoclast or preodontoclast (POC) inserting multiple cell processes (arrows) into the dentinal tubules. This cell does not have a distinct ruffled border toward the predentin side, but possesses a mass of a ruffled structure (arrowheads) in the pulpal part of the cytoplasm. d. Odontoclasts undergoing active resorption and forming resorption lacunae. Semithin section with methylene blue staining. e. A mature odontoclast in the lacuna. This cell possesses a typical ruffled border (arrowheads) and clear zones (arrows). Note the ruffled border-like structure in the pulpal part of the cytoplasm (*). D dentin, OC odontoclasts, P dental pulp, PD predentin. a: x 4,900, b: x 850, c: x 2,300, d: x 800, e: x2,100 (OHSHIMA et al., 1994) . After completion of primary dentin formation, they move toward the subodontoblastic layer (OHSHIMA et al., 1995) . In the human deciduous tooth, however, the class II MHC antigen-expressing cells remain in the odontoblast layer and/or within the predentin matrix long after the completion of dentinogenesis. The same is true for the human permanent tooth (OH-SHIMA et al., 1996) . In the present study, we have shown that the class II MHC antigen-expressing cells in the odontoblast layer and/or predentin extended their processes into the dentinal tubules along the odontoblast processes and increased in number in the affected areas of carious teeth. A similar focal accumulation of class II MHC antigen-expressing cells occurs by attrition or restorative procedures in the human deciduous tooth (our unpublished data) as well as the human permanent tooth (YOSHIBA et al., 1996) . It is thus tempting to speculate that at least one type of the class II MHC antigen-expressing cells, presumably class II MHC antigen-expressing macrophages, associated with the odontoblasts behaves as an immunosurveillant and quickly recognizes the degenerative changes in the heavily damaged odontoblasts soon after tooth injury, as has been demonstrated in the rat tooth (OHSHIMA et al., 1995) . Recently, phagocytosis of a self-antigen (apoptotic bodies) by the class II MHC antigen-expressing macrophages has been reported to occur in the course of amelogenesis (NISHIKAWA and SASAKI, 1996a, b) . The authors speculated that presentation of the selfantigen by the macrophages may lead to the clonal deletion of self-reactive T-lymphocytes, based on the reported evidence that a higher affinity between T-cell receptors (TCR) and the MHC-peptide complex induces negative selection, resulting in the deletion of peptide-reactive T cells, whereas a lower affinity between TCR and the MHC-peptide complex induces a positive selection, leading to the proliferation of peptide-reactive T cells (MATSUI et al., 1994; ALAv[et al., 1996; MARGULIES, 1996) . It needs to be clarified whether the same is true for the MHC antigen-expressing cells residing in the pulp dentin border. In our observations, no clear-cut distinction between dendritic cells and class II MHC positive macrophages could be made.
As far as we examined, the odontoblasts at the early resorption stage of the deciduous tooth loose their pseudostratified arrangement and extend their long axis parallel to the pulp-dentin border. They show a flattened appearance while maintaining their cell-to-cell connections.
Following this stage, the odontoblasts loose their cell-to-cell connections, degenerate and allow an initial contact of the odontoclasts or preodontoclasts with the predentin surface. In human deciduous teeth, SAHARA et al. (1992 SAHARA et al. ( , 1994 also noted co-existence of degenerated odontoblasts, multinucleated odontoclasts and their precursors at the pulp-dentin border. What exactly causes the odontoblasts to degenerate and disappear from the pulp-dentin border remains to investigated. The present study has clearly demonstrated a close association of the class II MHC antigen-expressing cells with the odontoblasts through the progressive resorption stages of the deciduous tooth, where the odontoblasts display intact, flattened, and degenerating features, respectively. SAHARA et al. (1994) considered that the degeneration of the odontoblasts might be caused by cytokines, complements, or other factors released by the inflammatory cells such as monocytes, macrophages, and lymphocytes. A hypothesis worthy to be tested may be that the class II MHC antigen-expressing dendritic cells or macrophages located in close association with odontoblasts possibly release some cytokines, which leads to the disarrangement and degeneration of odontoblasts. In bone, osteoblasts are suggested to be involved in matrix resorption as well as matrix formation: they regulate osteoclastic activity by releasing chemotactile factors and/or by changing their shape (RoDAN and MARTIN, 1981) , and by participating in the removal of the non-mineralized osteoid layer by secreting collagenase (CHAMBERS et al., 1984; CHAMBERS and FULLER, 1985) . At future sites of internal resorption of the deciduous tooth, cells that play the osteoblastlike roles appear necessary for recruitment of the odontoclasts. SASAKI et al. (1990a, b) speculated that, in deciduous teeth of the cat and human, the cementoblasts might cause a surface modification or remodeling of the dentin surface to stimulate odontoclastic differentiation and tooth resorption, judging from a close association of cementoblasts with active odontoclasts and the high alkaline phosphatase activity of the former cells. In our study, the presence of the cementoblasts in the vicinity of the odontoclasts could not be determined, due to the defficulty of distinguishing cell types by ultrastructural features alone.
On the other hand, class II MHC antigen-expressing cells were clearly and consistently observed at the pulp-dentin border during the process of odontoclastic differentiation and migration. Although the exposure of the mineralized dentin surface may simply attract a monocyte-macrophage lineage and subsequent differntiation to odontoclasts, future in situ hybridization and histochemical and immunohistochemical studies on the expression of certain cytokines are needed to determine the exact role of the class II MHC antigen-expressing cells during the process of odontoclastic differentiation and migration.
Several research groups reported that the resorbed dentin surface is rapidly covered with cementum-like tissue after the cessation of tooth resorption (FUR-SETH, 1968; SOSKOLNE and BIMSTEIN, 1977; ROLLING, 1981; SASAKI et al., 1990b; SAHARA et al., 1992 SAHARA et al., , 1993 YAWAKA et al., 1995) . SAHARA and SUZUKI (1993) reported on the cellular events during the resorption and repair processes of human deciduous teeth, and pointed out the occurrence of numerous mononuclear cells having many lysosomes and cytoplasmic vesicles reactive for TRACPase and non-specific esterase activities. These cells have a high ability of horseradish peroxidase uptake, at the transitional phase between the active resorption and repair stages. They further pointed out a similarity between these cells and mononuclear cells on the resorbed surface of the bone at the reversal phase (BARON et al., 1980; TRAM VAN et al., 1982) . In the present study, we only found class II MHC antigen-expressing, TRACPase negative, cells situated on the resorbed dentin surface where odontoclasts had detached, and failed to detect TRACPase reactive mononuclear cells. Since the appearance of TRACPase reactive mononuclear cells in resorption lacunae is only transient, we may have missed these cells in the specimens at the time of sampling.
The absence of class II MHC antigen-expressing cells beneath the newly formed cementum-like tissue is reminiscent of the behavior of similar antigenexpressing cells in the dental pulp of rat molars after experimental cavity preparation, in that the class II MHC antigen-expressing cells migrate toward the affected dentin surface immediately after cavity preparation and retreat from there after differentiation of the hard tissue-forming cells has started (OHSHIMA et al., 1995) .
The presence of a large population of class II MHC antigen-expressing cells showing dendritic profiles has been shown in the periodontal ligament of rat molars, where the sites of bone resorption and bone apposition are clearly distinguishable in the individual alveoli, due to the distally oriented physiological movement of molar teeth . KAWAHARA and TAKANO (1995) further noted an exclusive localization of class II MHC antigenexpressing cells in the bone-forming areas of the periodontal ligament and speculated a putative role for the class II MHC antigen-expressing cells in the periodontal ligament in the regulation of bone-related cell activity and/or their recruitment.
Thus, it appears plausible to propose a hypothesis that the class II MHC antigen-expressing cells in the dental pulp are involved, at least in part, in the recruitment and differentiation of the cementoblast-like cells during the final process of tooth resorption, in a manner similar to what they might do to recruit odontoclastic cells and from reparative dentin (OHSHIMA et al., 1995) . The putative role of the class II MHC antigenexpressing, (non phagocytic) cells in the dental pulp in the regulation of the hard tissue forming cells may be linked with their proposed role as sensor cells for external stimuli arriving via dentinal tubules. These hypotheses remain to be tested in future studies. Dentin/Pulp Complex 1995 , 1996 Cementum-like tissue deposition on the resorbed pulp chamber wall of human deciduous teeth prior to shedding. Acta Anat. 147: 24-34 (1993).
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